Amphiphilic copolymers, poly(styrene)-block-Tb complex (PS-b-Tb complex), were synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization. The honeycomb structured porous films were fabricated via dropping the PS-b-Tb complex copolymer solutions on glass substrates by the breath figures method (BFM). The structure and composition of the amphiphilic copolymer PS-bTb complex were confirmed by gel permeation chromatography (GPC), Fourier transform infrared spectroscopy (FT-IR) and 1 H nuclear magnetic resonance spectroscopy ( 1 H NMR). The surface morphology and elemental mapping of the highly ordered porous films were investigated by field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDX) and laser scanning confocal microscopy (LSCM). The results indicated that the solvent type and copolymer concentration can affect the surface morphology of the porous films. The average diameter of the pores in the porous films decreased with the polymer concentration and the molecular weight of the copolymers increased. The FESEM-EDX analysis further verified that the hydrophilic groups (Tb complex groups) were mainly distributed at the pore wall, instead of at the outer surface layer of the films, which was consistent with the LSCM results.
Introduction
The honeycomb-patterned porous lms fabricated by the breath gure method (BFM) have attracted more and more attention in recent years due to their potential applications, such as in photo-electronic materials, 1,2 separation membranes, 3,4 biomaterials, 5 drug release, 6 superhydrophobic surfaces, 7 and electrocatalysis. 8 BFM is a simple, convenient and versatile selfassembly strategy for fabrication of honeycomb-patterned porous lms which was rst reported by Francois and his coworkers. 9 In the breath gure process, the evaporation of solvent decreases the temperature of the solution surface, thereby facilitating the condensation and growth of water droplets on the solution surface under high relative humidity. Aer the evaporation of water and solvent, the ordered hexagonal lattice comes into being in order to reduce the free energy. 10, 11 Aerward, countless important studies have been reported on porous lms including the hole pattern formation mechanism, [12] [13] [14] [15] choice, design and synthesis of polymers, [16] [17] [18] [19] [20] [21] effect of solvent and substrate, 22, 23 environment conditions, 19, 21 the reprocessing methods and applications [1] [2] [3] [4] [5] [6] [7] [8] [24] [25] [26] and so on. Although the hole pattern formation mechanism is not completely understood at present, this method is known to require precise control over the processing environment conditions, and the polymers used in BFM usually have to be specially designed and synthesized in order to obtain a good quality in pore size and distribution. [27] [28] [29] [30] Up to now, a variety of polymers, including star polymers, amphiphilic block copolymers, hyper-branched polymers, comb-like copolymers, and rod-coil/coil-coil block copolymers, have been employed to fabricate such porous lms with different pore diameters. [31] [32] [33] [34] Various synthetic routes have been developed to synthesize the star and block polymers, particularly the living radical polymerization including reverse iodine transfer polymerization (RITP), 35 atom transfer radical polymerization (ATRP), 36 and reversible addition-fragmentation chain transfer (RAFT) polymerization. 37 The RAFT polymerization is one of the most prominent living/controlled free radical polymerization techniques as it is applicable to a wide range of monomers to produce well-dened polymers with predictable molecular weights, composition, architecture and low polydispersity index (PDI) values.
Luminescent rare earth terbium (Tb) complex is well-known due to their excellent luminescence characteristics, long luminous life time, high luminous intensity and extremely sharp emission bands (good color purity) from the electronic transitions between the 4f energy levels, and they have been widely applied in many elds, such as photoluminescence materials, uorescence probes and labels, electroluminescence devices and so on. [38] [39] [40] In this work, we propose a simple RAFT polymerization technique to synthesize well-controlled poly(styrene)-block-Tb complex (PS-b-Tb complex) amphiphilic diblock copolymers for fabrication of ordered honeycomb structured porous lms. The procedure for the formation of honeycomb porous lms with PS-b-Tb complex by BFM was sketched in Fig. 1 . The Tb complex is the reaction product of methacrylic acid, salicylic acid and Tb(NO 3 ) 3 which includes the hydrophilic monomer methacrylic acid. We use Tb complex as the second monomer mainly due to the following two reasons: one is that the loading of Tb complex into the porous lms can endow the honeycomb structured porous lms with uorescent characteristic; for another, we can investigate the assemble status of hydrophilic groups in the honeycombpatterned porous lms by detecting the position of rare earth Tb owing to the fact that the rare earth ions are directly linked to hydrophilic monomer methacrylic acid by coordinating bond. To the best of our knowledge, it is the rst report to conrm the assemble status of hydrophilic groups in the porous lms using rare earth Tb complex as a uorescent probe. This work will provide a new way to detect the assemble status of hydrophilic groups in the porous lms, promote the mechanism understandings of the breath gure process. In addition, the inuence of polymer molecular weight, solvents and polymer concentration on the morphology of the lms are also investigated.
Experimental section

Materials
Styrene (St, 99.5%) was commercially purchased from Tianjin Kermel Chemical Reagent Co. Ltd. and distilled under reduced pressure before use. 2-Dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid (DMPA) was synthesized according to the previous method.
41 Tb 2 O 3 , methacrylic acid (MA) and salicylic acid (SA) were purchased from Shanghai Aladdin Chemical Reagent Co. Ltd. All other chemical reagents were of analytical grade and used as received.
Instrumental characterization
Gel permeation chromatography (GPC1515 Waters, USA) was used to determine the molecular weights and polydispersities (PDI) with THF as the eluent at a ow rate of 0.6 mL min À1 at 30 C. Field emission scanning electron microscope (FESEM, Merlin Compact) was used to observe the surface morphology of lms aer being sputtered with gold using ion sputter and the energy dispersive X-ray spectroscopy (EDX) was used to map the Tb element at the lm surface. The image of the uorescent porous lm was assessed by laser scanning confocal microscope (LSCM) (FV1200, Olympus, Japan) and measured by a 554 nm laser. Luminescence properties were performed on a spectrouorometer (FLS920, Edinburgh, UK) using 323 nm excitation wavelength laser at room temperature. 1 H nuclear magnetic resonance spectroscopy ( 1 H NMR) spectra were carried out on a 400 MHz (Varian Mercury Plus 400) nuclear magnetic resonance instrument. The water contact angle was analyzed by a KRUSS DSA100 contact angle system with a drop size of 2.0 mL at room temperature. The structure of the samples were characterized by Nicolet-100 Fourier transform infrared spectroscopy (FT-IR) from 400 cm À1 to 4000 cm À1 by the KBr tablet method.
Synthesis of PS-b-Tb complex via RAFT polymerization
Polystyrene (PS) were synthesized in cyclohexanone using DMPA as the chain transfer agent through RAFT polymerization (Scheme 1). In brief, styrene (St, 8.7 mmol, 10 mL), DMPA (0.17 mmol, 0.0636 g), (2-methylpropionitrile) (AIBN) (0.087 mmol, 0.0143 g), and cyclohexanone (10 mL) were mixed in a 50 mL round-bottomed ask with a magnetic stirrer. The reaction mixture was degassed by N 2 purging and reacted at 80 C for 12 h. Then, the reaction mixture was diluted with tetrahydrofuran (THF), and precipitated in cold methanol. The obtained PS was dried in vacuum at 40 C. The details of the relative molecular weight and PDI of the polymers were listed in Table 1 . The PS-b-Tb complex were synthesized using PS as the macroinitiator through RAFT polymerization. Briey, PS (0.475 g), Tb complex solution (0.5 mL), AIBN (0.005 g) and 1 mL cyclohexanone were added into a 50 mL round-bottomed ask with a magnetic stirrer. Aer degassing by N 2 purging, the reaction mixture was heated at 70 C for a certain time. Then the product was precipitated in cold methanol and dried under vacuum at 40 C. Schematic illustration for the synthesis of PSb-Tb complex was shown in Scheme 1.
Fabrication of the honeycomb porous thin lms
The PS-b-Tb complex was dissolved in various organic solvents (i.e., chloroform, dichloromethane, carbon disulde and THF) with different concentrations (2 mg mL À1 , 4 mg mL À1 , 6 mg mL À1 and 8 mg mL À1 ). Then, an aliquot of 10 mL for each polymer solution was dropped onto glass substrates (1 cm Â 1 cm) under 1.5 L min À1 humid airow and the relative humidity of the moist air was kept above 80%. Aer complete evaporation of solvent and water, the opaque and white thin lms were obtained by the BFM at room temperature.
Results and discussion
Structure characterization of the PS-b-Tb complex copolymers
The structure of these polymers were determined by FT-IR ( ), which was the result of the deprotonation of the carboxyl groups. 42, 43 As for the FT-IR spectra of PS, the peaks at 2800-3100 cm À1 are assigned to the C-H stretching and the peaks at 1496 cm À1 and 1452 cm À1 are attributed to the stretching vibration absorption of C]C bond of the benzene rings. Aer the block copolymerization using Tb complex as the second monomer, a new characteristic peak emerged at 1380 cm À1 corresponds to the COO À stretching vibration of the PS-b-Tb complex, which indicated the successful synthesis of the PS-b-Tb complex. However, the peak at 1658 cm À1 of C]O could not be clearly observed, the possible reason is the content of Tb complex is too low to be detected by FT-IR. Furthermore, the structure of Tb complex, PS and PS-b-Tb complex was further identied by 1 H NMR spectra analysis (Fig. S3, S4 and S5 †). The 1 H NMR spectra of PS-b-Tb complex are too similar with that of PS, it is also because the content of Tb complex is low.
The number-average molecular weight and molecular weight distribution of PS and PS-b-Tb complex copolymers were determined by GPC and the results were listed in Table 1 . As shown in Table 1 , the number-average molecular weight and molecular weight distribution of PS determined by GPC are 19 500 and 1.36, respectively. For the PS-b-Tb complex copolymers, with the extension of polymerization time, the numberaverage molecular weight of the block copolymers increases, which indicates the increase of the lengths of Tb complex block. The molecular weight distribution of the PS-b-Tb complex copolymers is relatively narrow (M w /M n ¼ 1.21-1.31), which is the characteristic of a RAFT polymerization. However, the molecular weights of the PS-b-Tb complex copolymers with short
It is probably owing to the adsorption of hydrophilic Tb complex block onto the GPC column, which leads to an addition in retention time. However, when the polymerization time increased to 12 h, the molecular weights of the PS-b-Tb complex copolymers exceed that of the PS macroinitiator. This result can be explained by the fact that with the increasing of polymerization time, the hydrophilic Tb complex block keeps extending, the hydrodynamic volume of the PS-b-Tb complex copolymers increases accordingly, leading to the decrease of the retention time.
The uorescent properties of the PS-b-Tb complex was obtained by monitoring the excitation spectrum of Tb 3+ ion at the emission of 545 nm. The peak at 310 nm was found to be the optimal excitation peak. Setting the excitation wavelength at 310 nm, the uorescence emission spectrum of PS-b-Tb complex was determined (Fig. 2) 
Formation of honeycomb-patterned porous lms from PS-b-Tb complex amphiphilic copolymers 3.2.1
The choice and the effect of solvent type. The surface morphology of the polymer honeycomb-patterned porous lms (such as pore size, order and shape of the patterns) has been found to be strongly affected by the solvent types, solution concentration, copolymers' molecular weight, the proportion of hydrophilic and hydrophobic groups. Therefore, various solvents, such as chloroform (CHCl 3 ), dichloromethane (CH 2 Cl 2 ), carbon disulde (CS 2 ) and tetrahydrofuran (THF), were selected to investigate the effect on the morphology of PSb-Tb complex lms. Fig. S6 † shows the FESEM images of PS-bTb complex porous lms generated from different solvents of (a) CHCl 3 , (b) CH 2 Cl 2 , (c) CS 2 and (d) THF. It can be seen that regular porous patterns can be obtained using dichloromethane and carbon disulde, while poor-ordered porous structures are generated by chloroform. While for the THF, the surface morphology is demonstrated as microspheres shape rather than porous lms (Fig. 3d) which is named reverse breath gures by Ferrari et al. 23 and Xiong et al. 44 They concluded that only solvents with low boiling point, high vapor pressure and low water solubility can form regular porous lms. The THF has relative higher boiling point and evaporates too slowly at room temperature, leading to no condensation of water drops on the surface of the solution and resulting in reverse breath gures.
To further investigate the effect of solvent type on the uo-rescent properties of PS-b-Tb complex solution, we took pictures of different solvents and concentrations under uorescent light to make comparisons. As shown in Fig. 3a , the PS-b-Tb complex solutions of dichloromethane, chloroform and THF appear uorescence properties, but the uorescence properties of carbon disulde solution disappears, which catches our attention. Accordingly, the solution was then placed at room temperature for a period of time and we found that only the CS 2 solution became cloudy (Fig. 3b) . Based on the above phenomena, we infer that the solubility of PS-b-Tb complex in CS 2 is poor which leads to uorescent quenching of PS-b-Tb complex solution in CS 2 . The photographs (UV 365 nm) of PS-b-Tb complex solution in CH 2 Cl 2 with different molecular weight and concentrations were illustrated in Fig. 3c and d respectively. All of them show good uorescence characteristics. Therefore, in the following experiment, the dichloromethane was chosen as the solvent to investigate the relationships of BF patterns with solution concentration and copolymers' molecular weight and so on.
3.2.2 Effects of the copolymer's concentration. Fig. 4 shows the FESEM images of the porous lms prepared by PS-b-Tb complex solutions in CH 2 Cl 2 at different concentrations ((a) Fig. 2 The emission spectra of PS-b-Tb complex at excitation wavelength l ¼ 310 nm. 
mg mL
À1 , (b) 4 mg mL À1 , (c) 6 mg mL À1 and (d) 8 mg mL À1 ).
The pore average diameter of the porous lms exhibits a tendency of decrease from 1.59 mm to 1.18 mm when the polymer concentration increases from 2 mg mL À1 to 8 mg mL À1 . When dripping the polymer solutions onto the substrate, the surface temperature of the solution cools down due to the volatilization of the solvent, thus leading to the condensation of water at the air/polymer solution interface. Once the condensed water drops touch on the surface of polymer solution, the hydrophilic end of the copolymers aggregate at the interface to prevent coalescing of water droplets. 45 For the lms prepared from lower concentrations, the water droplets have difficulties in immersing into polymer solution and coalescing together easily, therefore resulting in large pores and irregularly ordered porous structure. With the increase of polymer concentration, more polymers precipitate at the organic-water interface in a short time, consequently resulting in smaller pores of honeycomb structured porous lms.
3.2.3 Inuence of the copolymers' molecular weight and hydrophilic groups on the porous lms. The molecular weight and hydrophilic groups of the copolymers also have great inuence on the morphology and the pore size of the honeycomb-patterned porous lms. Fig. 5 shows the FESEM images of lms prepared from PS-b-Tb complex copolymers with different Tb complex block lengths (hydrophilic block). The insets are water droplet proles and contact angles. As shown in Fig. 5 , ordered porous structure is obtained with PS-bTb complex copolymers by BFM, the pore average diameter of the porous lms decreases obviously from 1.55 mm to 1.09 mm with molecular weight of PS-b-Tb complex copolymers increases from 18 700 to 20 900 and the pore quantity raises slightly accordingly. The results conrm that the length of hydrophilic block is crucial for preparing porous lms: the copolymer with hydrophilic block can easily stabilize the water droplets, thus resulting in regular pores. Meanwhile, in the process of the lm forming, the larger the polymer molecular weight, the faster the precipitate rate of the polymer, the more difficulty the water droplets can sank into the polymer solution to decrease the pore size. 46, 47 In addition, the contact angle increases with the increasing of Tb complex block lengths (hydrophilic block) and higher than that of the smooth PS lm (considering that the external surface of the porous lms is mainly enriched with PS and the water contact angle of the smooth PS lm was about 89
). For the porous structure, the air is trapped underneath the droplet and effectively lowers the average surface energy, which are governed by the Cassie-Baxter theory:
where f s is the surface solid fraction and q s is the contact angle of the smooth lm. According to the Cassie-Baxter equation, the increased contact angle can be ascribed to the reduction of the surface solid fraction (f s ) of the porous lms, the porous lm cannot be wetted by water and form a Cassie state.
48,49
3.2.4 Distribution of hydrophilic groups (Tb complex groups) in the honeycomb-patterned porous lms. During the BF process, it is believed that the hydrophilic blocks tend to aggregate themselves around the water droplets due to mutual interaction. Aer the evaporation of water, porous lms with polar functional groups enriched inside the pores and hydrophobic blocks enriched on the external surface are achieved. In our case, an enrichment of hydrophilic block is expected. To verify the distribution of the hydrophilic blocks, Tb complex as a uorescent probe was introduced to the block copolymers.
Rare earth element Tb has strong uorescent properties. Therefore, we cast honeycomb structured PS-b-Tb complex porous lms with Tb as a uorescent probe. The Tb can mark the location of the hydrophilic section owing to the fact that the rare earth ions are directly linked to hydrophilic monomer methacrylic acid by coordinating bond. Fig. 6 shows the LSCM images of the uorescent functional porous lms investigated through a laser scanning confocal microscope. Fig. 6a-d indicates the distribution of the rare earth element Tb in the porous lms and many uorescent signals can be observed, Fig. 6a 0 -d 0 displays the bright eld structure of the porous lms. From Fig. 6 , it can be seen that the locations of uorescent signals are mostly distributed at the pore wall. According to the formation mechanism of the porous lm, 11,50,51 the hydrophilic parts can contact and wrap the water droplets and result in the formation of droplet/polymer solution interface during the process of BFM. Our experimental results further veried the mechanisms of BFM.
To further investigate the distribution of hydrophilic groups (Tb complex groups) in the honeycomb-patterned porous lms, FESEM-EDX was used to detect the rare earth element Tb. Fig. 7 shows the surface elemental mapping of Tb images with their corresponding FESEM images for representative PS-b-Tb complex-2 porous lms. The FESEM-EDX analysis conrms that the hydrophilic groups (Tb complex groups) are mainly distributed at the pore walls, instead of at the outer surface layer of the lms, which agrees well with the LSCM results.
Conclusions
The PS-b-Tb complex honeycomb patterned porous lms were fabricated via breath gure method. The surface morphology, structure and the uorescence properties of the porous lms were characterized by FESEM, FT-IR 1 H NMR and LSCM, respectively. The inuence of solvent types, polymer concentration and copolymers' molecular weight to the surface morphology of honeycomb patterned lms were also studied. The pore average diameter of the lms decreased with increasing of the molecular weight of PS-b-Tb complex. The porous lms were endowed with uorescent function by loading the Tb complex into the honeycomb patterned porous lms. The hydrophilic groups (Tb complex groups) were mainly distributed at the pore walls, instead of at the outer surface layer of the porous lms.
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